I. INTRODUCTION
Accurate force prediction of electromechanic actuators is a major issue for high-precision applications. For example, in the semiconductor lithography, these high accuracies are required to operate in the nanometer range. Simultaneously, the desired bandwidth of high-precision actuators is increasing. Because of the accuracy, preferably highly linear voicecoil actuators [1] [2] [3] [4] [5] are applied instead of nonlinear reluctance actuators. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Nevertheless, reluctance actuators are able to achieve a more than 10 times higher force density than voicecoil actuators. 17 Until now, reluctance actuators are scarcely applied in high-precision applications because of the nonlinear magnetic hysteresis introduced by the soft-magnetic material. Generally, a linear current-force relation is desired. However, ferromagnetic hysteresis results in a nonlinear, history dependent, and rate-dependent relation between the current and the magnetic flux. This flux is directly related to the force and hence, the current-force relation is nonlinear.
Ferromagnetic hysteresis models have been researched for years. [18] [19] [20] These research contributions frequently focus on mathematical models predicting magnetic hysteresis in thin films, soft-magnetic toroids or strips. Additionally, hysteresis models are applied to model ferroelectric hysteresis present in piezoelectric actuators. [21] [22] [23] [24] However, rarely are experiments performed on reluctance actuators. The few research contributions that include magnetic hysteresis in the analysis of reluctance actuators use time consuming numerical methods, which are not feasible for feed-forward control purposes. 14, 25 Moreover, these models are valid for relatively low frequency excitations only and no pre-biasing permanent magnet is included. a) Electronic mail: n.h.vrijsen@tue.nl.
In this paper, a measurement method is proposed which is able to identify the magnetic hysteresis effects in the force of an E-core reluctance actuator, both with and without prebiasing permanent magnet. Furthermore, the used frequency range is between 40 and 480 Hz, and hence includes the dynamic behavior of eddy currents. Additionally, the measurement method is applied to obtain the phase delay due to magnetic hysteresis. This delay is used in an analytical actuator model that can serve the purpose of a feed-forward control method for reluctance actuators. The force measurement instrument is shown schematically in Fig. 1 . The E-shaped core of the actuator is mounted on top of the load cell, which is fixed in a cylindrical aluminum frame. The mover of the Ecore is fixed to the frame cover. The measured force is linearly related to the output voltage U F of the charge amplifier. A sinusoidal current excitation is applied to the primary coil while simultaneously the flux through one of the outer teeth is measured with a secondary coil.
II. E-CORE RELUCTANCE ACTUATOR AND EXPERIMENTAL INSTRUMENT
The E-core reluctance actuator under investigation is constructed from laminated SiFe sheets to limit eddy current effects. The E-core actuator is evaluated without and with pre-biasing permanent magnet placed on the middle toot. The middle tooth is shorter than the outer teeth and the tooth area is twice the area of each outer teeth, as schematically illustrated in Fig. 2(a) .
An E-core reluctance actuator typically behaves quadratically with current and position. This nonlinear current-force and position-force relation is modeled with a non-hysteretic magnetic equivalent circuit (MEC) model. 26, 27 This nonhysteretic actuator model predicts the force of the E-core without and with permanent magnet with an accuracy of 98.5% and 98.7%, respectively. However, for high-precision applications the accuracy of the force prediction for feedforward control must be improved. Therefore, a measurement method is presented, which distinguishes the phase delay due to magnetic hysteresis effects from the non-hysteretic behavior of the actuator.
A. Non-hysteretic reluctance actuator model
The non-hysteretic analytical actuator model is based on the MEC method. A MEC model is a representation of the magnetic flux paths in the actuator with reluctances R as the magnetic equivalent to resistances in an electric circuit. The reluctances are used to determine the magnetic flux variation in the actuator. This magnetic flux φ(z) is directly related to the force produced by an E-core reluctance actuator with permanent magnet. The force is given by three terms,
with i(t) the current, N 1 the number of turns of the excitation coil, and z the airgap length. The second and third terms represent the contribution of the permanent magnet, with l pm the length and H c the coercive field strength of the permanent magnet. The magnetic flux of the excitation coil φ coil (z) and permanent magnet φ pm (z) are both dependent on the magnetic circuit, which is modeled with the MEC method including leakage and fringing effects, 26 as visualized in Fig. 2(b) . The calculated force of the E-core with permanent magnet is shown in Fig. 3 , as a function of the airgap length and excita- tion current. This calculated force profile is in good agreement with measurements for various airgap lengths and for a range of current excitations. However, the MEC model is limited to an ideal representation of the soft-magnetic iron and hence does not take into account magnetic hysteresis effects.
B. Hysteresis model
A hysteresis model with a complex impedance is presented to improve the accuracy of the feed-forward control of an E-core reluctance actuator. An easy and fast model is preferred to a complicated but slightly more accurate hysteresis model for control purposes. Therefore, the elliptic behavior of minor loops in a non-saturated actuator is translated to a complex impedance model (representing the magnetic hysteresis effects). The resultant of the complex impedance model is a rate-dependent phase delay between the current and the modeled force. This hysteresis model does not model any physical representation of magnetic hysteresis, though shows good agreement with the hysteresis measured in the force of the non-saturated E-core reluctance actuator, as will be shown later in Sec. VII. A non-saturated actuator is generally a reasonable assumption, since reluctance actuators are frequently designed for a peak-force that is much higher than the nominal force, while the peak-force is physically limited by the saturation of the iron.
To confirm that the iron in the actuator is not saturated, measurements are performed on a laminated toroid of the same material as the SiFe E-core actuator. A toroidal construction is considered to comply with the IEC 60404-4 standard for measurements on soft-magnetic materials. The measured magnetic hysteresis in a laminated toroid is depicted in 
C. Magnetic flux measurement
The Maxwell stress tensor method 13 states that the force is directly related to the squared magnetic flux density in the airgap. Therefore, theoretically a perfect flux measurement can be used to predict the actuator force directly. However, leakage and fringing fluxes are dependent on the airgap length and sizes of the configuration, and hence, the ratio of the measured flux and the flux contributing to the force, changes with position. 28 Even with a constant airgap it is rather difficult to measure the exact leakage and fringing effects. 29 The flux measurements are performed by means of a coil around one tooth of the E-core actuator, as shown in Fig. 2(a) . Only the phase delay of the measured flux with respect to the measured current and force are used in the proposed hysteresis model, to obtain the phase delay due to magnetic hysteresis. The phase angle of the flux is independent of the airgap length and coil positioning. The flux measurement is not used to predict the force because the accuracy of the non-hysteretic actuator model is better than the force calculated from the measured flux.
The voltage, U c , of the flux coil with N 2 = 10 windings is integrated with a low-noise high-bandwidth operational amplifier (NE5534) to obtain the magnetic flux through the coil. The sensing voltage can be expressed as
The time delay of the measured magnetic flux density with respect to the force is proportional to the phase delay of the load cell, frame, and charge amplifier. The phase delay between two measured signals is obtained by the maximum of the covariance function given by
where X is substituted by the force F z and Y by one period of the squared flux 2 or flux for the E-core actuator without and with permanent magnet, respectively. The measured flux variation is directly related to the force for the actuator with pre-biasing permanent magnet because of a unidirectional flux. While for the actuator without permanent magnet, the flux is bi-directional and the force is unidirectional, which results in a quadratic flux-force relation. The maximum of the covariance gives the delay in time samples, from which the phase delay is calculated with the known sample time and excitation frequency.
D. Force measurement
The measurement instrument consists of a piezoelectric load cell, an aluminum frame (in which the load cell and actuator are mounted), and a Kistler charge amplifier. A schematic illustration of the measurement instrument including the current amplifier and integrator of the magnetic flux, is shown in Fig. 1 . The force measurements are performed with the piezoelectric load cell (Kistler type 9272) because it has a high rigidity and hence, a high natural frequency. 30, 31 Similar load cells are regularly applied for force and torque measurements of drilling and cutting machines due to the linearity over a large amplitude range. 32, 33 Other commonly used passive load cells are the strain gauge/gage 34 and hydrostatic sensor. However, both have lower bandwidth, lower strain sensitivity (factor 1000), and lower rigidity, 30 which results in a larger airgap variation. Disadvantages of piezoelectric load cells are the inability to measure statically over a longer period of time and hence, only steady-state ac measurements are evaluated. Moreover, ferroelectric hysteresis is present in a piezoelectric element, [21] [22] [23] [24] which is comparable to ferromagnetic hysteresis effects in a reluctance actuator. However, the Kistler load cell uses the charge-force relation, which is nonhysteretic, 23, 24 because it is an electric equivalent of the magnetic flux-force relation for reluctance actuators.
III. MEASUREMENT METHOD
The measurement method is used to distinguish the phase delay due to magnetic hysteresis from the phase delay of the measurement instrument (load cell, frame, and charge amplifier). Two measurements are compared for the identification of the phase delay of the measurement instrument. First, the measured current and force of a voice-coil actuator are analyzed. Second, the current, force, and magnetic flux of the E-core reluctance actuator are measured and analyzed. The block diagram of Fig. 5 summarizes the performed measurements used to identify the phase response of the measurement instrument and finally the phase delay of the E-core actuator due to magnetic hysteresis. The transfer function in the frequency domain of a general force measurement is given by The measured phase delay between the current and force, θ meas = arg (H tot (jω)), consists of a phase delay introduced by the measurement instrument θ instr and a phase delay introduced by the actuator θ act under investigation. For the E-core actuator, the phase delay is caused by magnetic hysteresis and eddy currents, θ act = θ hyst . While, for a voice-coil actuator with a ferrite permanent magnet, hysteresis and eddy currents are negligible and hence, θ act = 0 • . Hence, the phase response of the load cell, frame, and charge amplifier, θ instr , can be obtained with a voice-coil actuator, as presented in Sec. IV. Additionally, magnetic flux and force measurements of the E-core actuator without and with permanent magnet are shown in Secs. V and VI, respectively. The flux variation of the E-core actuator is used to obtain the phase delay of the measurement instrument. Nonetheless, a full frequency response of the measurement instrument cannot be obtained with flux measurements on a reluctance actuator, because of the quadratic current-force relation.
IV. IDENTIFICATION OF THE FORCE MEASUREMENT INSTRUMENT
The first step of the measurement method is the identification of the force measurement instrument. The frame of the measurement instrument is constructed such that the mechanical resonance occurs around 4.5 kHz, which is much higher than the measuring range (40-480 Hz). The frequency response of the load cell, frame, and charge amplifier is measured with a voice-coil actuator. Figure 6 schematically shows the force measurement instrument with a voice-coil actuator mounted on the piezoelectric load cell.
A. Voice-coil configurations
The measurement instrument is identified with a voicecoil actuator with a ferrite magnet, for which magnetic hysteresis effects are negligible. Magnetic hysteresis and eddy currents are insignificant for this voice-coil actuator, because the change of the magnetic flux in the permanent magnets is minimal, no iron material is used and the electrical resistivity of ferrite is relatively high (ρ = 1-100 m). 35 The frequency response is also measured with a NdFeB and a SmCo permanent magnet, for which the electrical resistivity is orders of magnitudes lower (ρ = 1.4 × 10 −6 m and ρ = 7 × 10 −7 m, respectively) and hence, eddy currents are significantly present in these two permanent magnets. The same coil is used for all three permanent magnets. The eddy current in the coil is negligible, because the copper wire diameter is 0.2 mm and the skin depth is 2 mm at 1 kHz.
B. Frequency response measurement
The frequency response is measured from the current, I in , to the force, F z of the voice coil actuators. The measured Bode diagram for each permanent magnet is obtained for a frequency range between 0 and 45 kHz, as shown in Fig. 7 . Although, the force measurements are performed up to 480 Hz, the frequency response is measured beyond the major resonance frequency to obtain a better fit of the frequency response model. Figure 7 (a) shows the measured amplitude response of the voice-coil with the three different permanent magnets. It shows a similar natural resonance frequency for the three permanent magnets, while the amplitude differs due to different magnet shapes and remanence field strengths.
The major difference between the three permanent magnets can be noticed in the corresponding phase responses, which are shown in Figs. 7(b) and 7(c). Figure 7 3 kHz. This extra phase delay is a result of induced eddy currents in these two permanent magnets. In the ferrite magnet, no extra phase shift is measured, θ act ≈ 0 • , because of the high electrical resistivity. Therefore, the measured phase response with the ferrite permanent magnet is selected as a benchmark for the frequency response of the measurement instrument. Around 850 and 1175 Hz two peaks are present in Fig. 7(c) , which are two additional small resonance peaks. These are out of the measurement range and hence, these are considered irrelevant for the frequency response model.
C. Frequency response model of the measurement instrument
The measured frequency response of the load cell, frame, and charge amplifier is modeled to be able to analytically obtain the phase delay of the measurement instrument, θ instr , in further force measurements. The transfer function of the measurement instrument H instr ( jω) is split into two transfer functions and each of them is represented by a cascade of two second-order low-pass filters (LPFs), as shown in Fig. 8 . The first transfer function H mech ( jω) describes the mechanical system including the load cell, the frame, and the mounting of the voice-coil actuator, for which the natural resonance is used as identification. The second transfer function H LPF ( jω) is the LPF of the charge amplifier, which introduces an extra phase delay. The input of the two filters is X( jω) and the outputs of the mechanical system and the charge amplifier are Y 1 ( jω) and Y 2 ( jω), respectively.
From the measurements with the ferrite permanent magnet, the undamped natural resonance frequency is obtained as f n = 4.45 kHz and the damping ratio ζ n = 0.012, which define the filter characteristic of the mechanical system H mech ( jω). The frequency response of the charge amplifier is obtained from the data sheets and is modeled by a second-order LPF H LPF ( jω) with a cut-off frequency f 0 = 31 kHz and a damping ratio ζ 0 = 1. The modeled phase response of each LPF and the resulting total response of the measurement instrument are shown in Fig. 9 over the frequencies between 100 and 4500 Hz. The phase delay resulting from the LPF of the charge amplifier is dominant for low frequencies, while around the resonance frequency the phase response of the mechanical system rapidly decreases 180 • . The modeled instrument response is compared to the measurements in Fig. 7 and shows good agreement with the phase response of the voicecoil actuator with ferrite magnet. The modeled phase response is used to distinguish the phase delay due to magnetic hystere- 
V. MEASUREMENT RESULTS E-CORE WITHOUT PERMANENT MAGNET
Despite the fact that the E-core is designed to be used with a pre-biasing permanent magnet, the proposed measurement method is first evaluated for the E-core without permanent magnet. The E-core without permanent magnet uses the same core as the E-core with permanent magnet, and hence the middle airgap is larger than the outer airgaps. The force density of this actuator topology is not optimal because of a relatively large effective airgap with respect to the mechanical clearance. The E-core actuator is examined for a constant airgap and excited with a sinusoidal current with a peak-to-peak value of 1.27 A and for a frequency range of 40-320 Hz. actuator model and the measurement is shown in Fig. 10(b) and is defined as
The loops are caused by two phase delays, namely, due to the measurement instrument and due to magnetic hysteresis effects in the actuator. To distinguish between both phase delays, the measured squared magnetic flux density is plotted against the measured force in Fig. 11(a) . Figure 11(b) shows the modeled linear relation subtracted from the measured force. The resulting loops are solely caused by the delay of the measurement instrument, because no magnetic hysteresis is present between the squared magnetic flux density, B 2 , and the force, F z . The phase delay obtained from all these measured loops will be compared later to the phase delay measured with the voice-coil actuator and is shown in Fig. 18 . To isolate magnetic hysteresis effects from the measurements, the phase delay of the measurement instrument must be subtracted from the measurement. Figure 12 (a) shows the (B 2 − F z ) relation for a frequency of 320 Hz, with and without a phase correction of θ instr = 1.52 • on the force. The force error, F, that is present after the phase correction of the force is depicted in Fig. 12(b) . This phase correction is obtained by means of the covariance as given in Eq. (3). The error for larger magnetic flux densities is a result of a dc-error of the force measurement, which is also distinguishable for the lowest frequencies in Fig. 10(b) . The same phase correction as applied in Fig. 12 is applied for the current-force relation, as shown in Fig. 13(a) . The error that remains after the phase compensation of the force sensor is shown in Fig. 13(b) . It can be stated that the loop after compensation is a result of the magnetic hysteresis and eddy currents in the iron actuator core. The largest remaining force error, F, for an excitation of 320 Hz, is 1.23% of the total force. The force error is smaller for excitations with lower frequencies because less eddy currents are present in that case. Hence, the results for lower frequencies are not shown, because the signal-to-noise ratio is too small to clearly distinguish the force error due to magnetic hysteresis.
VI. MEASUREMENT RESULTS E-CORE WITH PERMANENT MAGNET
The measurement method is now evaluated for the E-core with a permanent magnet placed on the middle tooth. Prebiasing the magnetic flux density with the permanent magnet increases the force range from (0-3.3) N up to a force range of (125-220) N, with a similar current excitation. Besides the higher force range with the permanent magnet, a disadvantage could be an increase of eddy currents, because the permanent magnet is not laminated. For this actuator, sinusoidal excitations of (40, 80, 160, 320, 480) Hz are investigated with a peak-to-peak current of 0.25, 0.5, 1, and 1.4 A-pp. Only the measurements with a peak-to-peak current of 1.4 A are shown in this section, because the magnetic hysteresis and eddy current effects are more distinguishable for larger excitations, as also shown in Fig. 4 . Figure 14 (a) shows the nonlinear current-force relation and Fig. 14(b) shows the error between the measured force and the non-hysteretic analytic actuator model. As in Sec. V, the elliptic shapes are a result of two phase delays. The compensation for the phase delay of the measurement instrument for a frequency of 320 Hz, is shown in Fig. 15 . The compensated phase shift at 320 Hz is θ instr = 1.52 • , as obtained from the covariance of the measured force and flux variation. The largest remaining force error between the analytic and measured force, F, for an excitation of 320 Hz is 0.63% of the total force. The force error due to magnetic hysteresis and eddy currents (after compensation for the measurement instrument) for all evaluated frequencies is shown in Fig. 16 . The maximum force error occurs for a current of approximately 0 A and hence, the maximum force error is defined as the height of the loop-eye for a current of 0 A. Figure 17 shows the force error divided by the force range for various frequencies, in percentages. This shows that the magnetic hysteresis and eddy currents do not depend on the excitation amplitude, which can only be the case when the E-core is not saturated (for those excitations).
As explained in Sec. II C, the phase delay between the measured force and magnetic flux of the E-core actuator can be used to obtain the phase delay at the excitation frequency. Therefore, all the measured phase delays between force and magnetic flux of the E-core actuator are compared to the measured and modeled phase responses as shown in Fig. 18 . The 
VII. STEADY-STATE AC MAGNETIC HYSTERESIS MODEL
Previous force measurements showed the magnetic hysteresis and eddy current effects, which are present in the force of this E-core reluctance actuator. The magnetic hysteresis effects in the force appear to be similar to the elliptic shape introduced by the phase delay of the measurement instrument. Therefore, a complex impedance model is proposed to predict the effects of the magnetic hysteresis and eddy currents in this E-core actuator. The hysteresis model of the E-core with permanent magnet is given for steady-state ac measurements, as
This equation is similar to Eq. (1), although it now includes an equivalent phase delay, θ hyst , for the current, which represents magnetic hysteresis effects in the E-core actuator. The phase delay due to magnetic hysteresis, θ hyst , can be 18. (a) The modeled phase delay of the load cell, frame, and charge amplifier ( Fig. 9 ) compared to the measured phase delay with the ferrite magnet ( Fig. 7) , (b) magnified (zoomed) between 100 and 2000 Hz.
obtained by means of the covariance between the current and the measured flux, similar to the method for obtaining the phase delay between the flux and the force presented in Sec. III. In case it is not possible or preferable to perform a flux measurement, the phase delay due to hysteresis can also be calculated with Eq. (4), presuming that the measurement instrument is identified and modeled and hence, θ instr is known. The equivalent phase delay in the current introduces an elliptic behavior of the force calculated with the nonhysteretic model, Eq. (1). This phase delay model reduces the force error (due to magnetic hysteresis and eddy currents) by a factor 2.5 for the E-core actuator without permanent magnet and a 320 Hz excitation. For the E-core with permanent magnet, the force error predicted with the non-hysteretic force model is reduced by a factor 5 for a 320 Hz excitation. The remaining force error after hysteresis compensation for the actuator without permanent magnet and with permanent magnet are shown in Figs. 19(a) and 19(b), respectively. The amplitude of the force error that is left after hysteresis compensation is of the same order of magnitude as the measurement noise.
The proposed phase delay model reduces the error significantly because the E-core actuator is not saturated. The presented analytic hysteresis method, is relatively easy compared to frequently applied magnetic hysteresis models, such as Jiles-Atherton 18 or Preisach models, 19, 20 which are more demanding regarding computation time. Hence, the phase delay model is considered more suitable for fast feed-forward control of reluctance actuators under a nearly sinusoidal excitation. Note that the model is not applicable for arbitrary input signals, because no dynamic rate-dependencies are taken into account.
VIII. CONCLUSIONS
A measurement method has been presented, which identifies the magnetic hysteresis and eddy current effects occurring in a high-precision E-core reluctance actuator. This method is based on the measurement of the change of the magnetic flux through the soft-magnetic material. The highbandwidth measurement instrument is identified with a voicecoil actuator. The analysis showed that the force measurement introduces a significant phase delay. The phase delay of the measurement instrument is measured and an equivalent LPFmodel is proposed. This model is verified by means of measurements of the magnetic flux variation in the E-core actuator. The phase delay caused by magnetic hysteresis effects in the E-core actuator is obtained by compensation for the phase delay of the measurement instrument. For a frequency of 320 Hz, the non-hysteretic analytical model has an accuracy of 98.5% and 98.7% for the E-core without and with permanent magnet, respectively.
Finally, a phase delay model is presented, which compensates for the phase delay between the current and the force caused by magnetic hysteresis and eddy currents. The proposed measurement method is used to obtain this phase delay due to magnetic hysteresis. For a 320 Hz current excitation, the presented phase delay model reduces the force error with a factor 2.5 and 5 for the actuator without permanent magnet and the actuator with permanent magnet, respectively. The reduction is more significant for the actuator with permanent magnet, because in this case the change of the magnetic flux density is larger. The accuracy of the force prediction with the proposed phase delay model is 99.4% and 99.7% for the actuator without and with permanent magnet, respectively. The remaining force error has a similar magnitude as the noise of the force measurement instrument.
